In rod-shaped bacteria such as Escherichia coli or Bacillus subtilis, cell division gives rise to hemispherical cell poles, which after their formation, largely remain inert (13) . Bacterial cell elongation involves extension of the lateral cell wall, which in most rod-shaped bacteria occurs by intercalation of new peptidoglycan (PG) into the wall along most of its length. This process requires the assembly of MreB, an actin homologue, into a helical cytoskeleton that is distributed throughout the cell (7) . In E. coli, the depletion of MreB results in the formation of coccoid cells (24) . These observations suggest that the MreB-based cytoskeleton is involved in organizing or localizing enzymes that participate in cell wall assembly, such as penicillin-binding proteins, presumably through a linkage to the cell wall synthesis machinery via the proteins MreC, MreD, and RodA (6, 14, 24, 26) .
A different and mreB-independent mode of cell elongation and rod shape acquisition is found among the corynebacteria. Similar to other members of the phylum Actinobacteria (grampositive bacteria with a high GϩC content in their DNA) that do not undergo sporulation (30) , corynebacterial genomes are devoid of mreB homologues (8, 22, 30, 34, 43) . Moreover, staining of the rod-shaped bacterium Corynebacterium glutamicum with fluorescently labeled vancomycin (vancomycinBodipy FL [ Van-FL] ) showed that PG is primarily assembled at the cell poles rather than along the lateral wall (11) . In the simplest model describing the polarization of PG assembly in C. glutamicum, components of the cell division machinery are sufficient to recruit the enzymes for cell wall elongation to the new cell pole. However, the filamentous hyphal cells of another member of the Actinobacteria, Streptomyces coelicolor, grow by tip extension and incorporate new PG at the hyphal apex (18) . This highly polarized mode of growth does not require cell division (31) and does not occur at the cell poles created by division. Instead, new hyphal tips are generated de novo either by branching or by the emergence of the germ tube, implying that the bacterium possesses a mechanism to establish apical cell wall assembly independent of the division process.
Observations in C. glutamicum, S. coelicolor, and, recently, in Mycobacterium smegmatis suggest that the coiled-coil protein DivIVA influences apical growth and cell shape determination (19, 33, 35) . In these organisms, DivIVA has a distinct polar localization. The divIVA genes of S. coelicolor and M. smegmatis (divIVA Sc and divIVA Ms , respectively) were found to be essential (19, 33) , and this was also evidenced in C. glutamicum by the inability to obtain viable cells when the gene was deleted (19, 33, 35) . Furthermore, in all three organisms, divIVA overexpression results in bloated asymmetric cells (19, 33, 35) , whereas partial depletion of DivIVA in S. coelicolor affects tip extension and branching (19) . In Mycobacterium tuberculosis, which also exhibits Van-FL staining patterns consistent with zonal PG biosynthesis at the poles (10), DivIVA is phosphorylated by the serine/threonine kinases PknA and PknB, and overexpression of divIVA or overexpression or partial depletion of these kinases was shown to alter the control of cell shape (23) .
In this study, we addressed the basis for rod shape acquisition of C. glutamicum. The results showed that depletion of DivIVA leads to a coccoid morphology, and thus they provide evidence for the first time that DivIVA contributes to a mechanism by which cell growth and rod-shaped morphology are maintained via cell wall elongation at the poles. This function could also be fulfilled by heterologous DivIVAs from other Actinobacteria but not by those from B. subtilis and S. pneumoniae from Firmicutes, suggesting that DivIVA functions differently in the two main phylogenetic lines of gram-positive bacteria.
MATERIALS AND METHODS
Bacterial strains and general methods for nucleic acids. Bacterial strains and plasmids are described in Table 1 (see Table S1 in the supplemental material for a description of the primers). E. coli cells were grown in Luria broth or Luria agar (20) complex medium at 37°C with aeration. C. glutamicum cells were grown in TSB (trypticase soy broth; Oxoid) or complex medium consisting of TSB containing 2% agar at 30°C. When required, the following supplements were added to the culture medium: kanamycin (50 g/ml for E. coli; 12.5 g/ml for corynebacteria), apramycin (50 g/ml for E. coli; 12.5 g/ml for corynebacteria), chloramphenicol (20 g/ml for E. coli), ampicillin (100 g/ml for E. coli), and tetracycline and streptomycin (12.5 g/ml for E. coli).
Chromosomal DNA and plasmids were isolated, purified, digested, and labeled using conventional kits and protocols (28) . Plasmids were transferred to the host by transformation (E. coli) or conjugation (C. glutamicum) following classical protocols (20, 29) . Genetic constructions of C. glutamicum transconjugant strains were confirmed by Southern blot hybridization, using probes obtained by PCR amplification and labeled with digoxigenin according to the manufacturer's instructions (Boehringer Mannheim).
The correct design of plasmids expressing the different alleles used in this work required the characterization of the transcriptional control of divIVA. RNA was isolated from exponentially growing C. glutamicum in TSB medium using the RNeasy commercial kit (Qiagen). Rapid amplification of cDNA ends (RACE)-PCR experiments were carried out according to the protocol provided with a 5Ј/3Ј RACE Kit, 2nd Generation (Roche). To identify promoters located upstream from divIVA, 2 g of total RNA was used as a template to generate single-strand cDNA using primer race1 (see Table S1 in the supplemental material). A homopolymeric A tail was added to the 3Ј end of the purified cDNA preparation using terminal transferase, and the dA-tailed cDNA was used in two further PCR amplification steps. In the first one, the primers dT/race2 (see Table  S1 in the supplemental material) were used; the amplified DNA product of this reaction then served as the substrate in the second PCR amplification, using the primers dT/race3 (see Table S1 in the supplemental material). The amplified fragments were cloned into pGEM-TEasy vector (Table 1) based on a T-A cloning technique and used to transform E. coli TOP10. Ten plasmids isolated from different clones were sequenced; all of them started with the same G residue, located 80 nucleotides upstream from the ATG start codon of C. glutamicum divIVA (divIVA Cg ).
Computer analyses were carried out with DNASTAR (DNAstar, Inc., London, United Kingdom), database similarity searches were done at the BLAST and FASTA public servers (NCBI, Bethesda, MD), and multiple alignments of sequences were carried out using Clustal W (EBI, Hinxton Hall, United Kingdom). Plasmid constructions (Table 1) were confirmed to be correct by sequencing using the dideoxy nucleotide chain termination method of Sanger (37) .
Construction of recombinant plasmids. The divIVA Cg gene was PCR amplified using the primers div1/2 (see Table S1 in the supplemental material). The adequate PCR product was cloned into plasmid pET28a by NdeI-EcoRI digestion, giving rise to the vector pETDIV (Table 1) . pETDIV allowed the expression and purification of the C. glutamicum DivIVA (DivIVA Cg ) protein with an N-terminal His tag, which was used for the production of polyclonal antiDivIVA Cg antibodies (see below).
Plasmids pOJD and pOJPD were designed to disrupt the chromosomal copy of divIVA Cg and to place a second copy of divIVA Cg under the control of the regulated promoters Plac or PgntP. To construct pOJD, a 498-bp 5Ј region of divIVA Cg was obtained by NdeI-NaeI digestion of the plasmid pETDIV. This DNA fragment was blunted by Klenow treatment and then ligated into the EcoRV-digested pOJ260 plasmid, yielding the vector pOJD (Table 1 ). To construct pOJPD, a 770-bp DNA fragment was obtained by EcoRV-NaeI digestion of plasmid pEPDG ( Table 1 ). The product of this digestion carried the PgntP promoter fused to the 498-bp divIVA Cg 5Ј region. This DNA fragment was subcloned into EcoRV-digested pOJ260, yielding the plasmid pOJPD (Table 1) .
To easily clone any promoterless gene under the control of the Pdiv Cg promoter and fuse it to the egfp2 gene (encoding an enhanced green fluorescent protein) at the same time, a new NdeI site overlapping the start codon of divIVA Cg was generated in plasmid pEAG2 (35) . This was done by PCR mutagenesis using the specific primers listed in Table S1 To overexpress the above-mentioned divIVA genes (hereafter divIVA NN ) without fusion to egfp2, these genes, including their stop codons and the promoter Pdiv sequence, were PCR amplified from plasmids pEBSE, pESCE, pESPE, and pEMTE using the primers listed in Table S1 in the supplemental material. The corresponding PCR products were then subcloned by EcoRV digestion into the pECM2 plasmid (Table 1) , yielding the vectors pEBS, pESC, pESP, and pEMT.
To introduce a copy of the DNA fragments comprising Pdiv-divIVA NN -egfp2 into the C. glutamicum chromosome, the plasmids pEAG3 and pEBSE, pESCE, pESPE, and pEMTE were digested with EcoRV-SmaI; the obtained DNA fragments were then subcloned into the EcoRV-digested pK18-3 plasmid, giving rise to the vectors pK18-CGE, -BSE, -SCE, -SPE, and -MTE (Table 1) . Similarly, plasmids pEBS, pESC, pESP, and pEMT were digested with EcoRV, and the fragments containing only the Pdiv-divIVA NN genes, i.e., not fused to the egfp2 gene, were subcloned into EcoRV-digested pK18-3 plasmid, yielding the vectors pK18-BS, -SC, -SP, and -MT (Table 1 ). In contrast, plasmid pK18-CG was constructed by direct cloning of a PCR-amplified fragment containing PdivdivIVA Cg into the EcoRV-digested vector pK18-3 ( Table 1) .
As a negative control for the gene complementation experiments, the plasmid pK18-E was constructed. To do so, plasmid pEAG3 was digested with NdeI and religated, giving rise to pEAGE (Pdiv-egfp2) ( Table 1) . A fragment containing Pdiv-egfp2 was obtained by EcoRV-SmaI digestion of pEAGE and then subcloned into the EcoRV-digested pK18-3 plasmid, yielding the vector pK18-E (Table 1) . Two-hybrid system assays. To construct the plasmids for the two-hybrid assays, the divIVA genes from C. glutamicum, B. subtilis, S. coelicolor, S. pneumoniae, and M. tuberculosis were PCR amplified by using specific primers (see Table S1 in the supplemental material) and cloned separately into pBT (bait) and pTRG (target/prey) vectors (BacterioMatch II Two-Hybrid System Vector Kit; Stratagene) (Table 1) , yielding a series of pBTD and pTRGD plasmids carrying the respective divIVA genes (Table 1) . Bait and prey plasmids were cotransformed into the E. coli BacterioMatch II reporter strain (Table 1 ) and analyzed as previously described (44) .
Protein isolation and manipulation. C. glutamicum cells were disrupted using FastPROTEIN Blue Lysing Matrix (Qbiogene Inc., Carlsbad, CA) and the BIO101 Thermo Savant FastPrep FP120 (Qbiogene Inc.) as described previously (27) . The amount of protein present in cell extracts was quantified by a Bradford assay (5). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (25) , stained with Coomassie blue or electroblotted onto polyvinylidene difluoride membranes (Millipore), and immunostained with a 1:10,000 dilution of rabbit polyclonal antibodies raised against green fluorescent protein (GFP) or His tags (Santa Cruz Biotechnology) and with guinea pig polyclonal antibodies raised against purified His-tagged DivIVA Cg (see below). Anti-rabbit or anti-guinea pig immunoglobulin G-alkaline phosphatase (Santa Cruz Biotechnology) was used as the secondary antibody at a 1:10,000 dilution.
To monitor the cellular content of DivIVA Cg and localize the protein by immunofluorescence microscopy, antiserum was raised against the divIVA Cg gene product as follows: E. coli BL21(DE3) cells (Table 1) were transformed with plasmid pETDIV (Table 1 ) and induced with isopropyl-␤-D-thiogalactopyranoside, and the His-tagged DivIVA Cg protein was purified by one-step Ni 2ϩ affinity chromatography (His-Bind; Novagen). This His-tagged protein was used to immunize male guinea pigs (66-day immunization protocol) for the production of polyclonal anti-DivIVA Cg antibodies. The resulting polyclonal antibodies specifically recognized a protein of ϳ38 kDa, the expected size of DivIVA Cg .
Microscopy. C. glutamicum cells containing the constructs carrying GFP or stained with fluorescent dyes (see later) were observed with a Nikon E400 fluorescence microscope. Photographs were taken with a DN100 Nikon digital camera and assembled using Corel Draw.
Van-FL (green fluorescence) or vancomycin-Bodipy 650/665 ([Van-650/665] red fluorescence; Molecular Probes) staining was done by adding equal proportions of unlabeled vancomycin and Van-FL or to growing cultures at a final concentration of 1 g/ml (11). The culture was then incubated for 5 min to allow adsorption of the antibiotic, after which the cells were viewed directly by fluorescence microscopy.
DAPI (4Ј,6-diamino-2-phenylindole) staining and immunofluorescence microscopy were carried out as described previously (12), except that C. glutamicum cells were permeabilized for 4 h at 30°C with lysozyme (10 g/ml). The permeabilized cells were then incubated with a 1:1,000 dilution of anti-DivIVA Cg antiserum for 1 h and then for another hour with a 1:10,000 dilution of anti-guinea pig fluorescein-conjugated secondary antibody (Santa Cruz Biotechnology).
For transmission electron microscopy, cell pellets were rinsed three times in water, resuspended in 2.5% glutaraldehyde in phosphate buffer (pH 7), and fixed for 1 h. The cells were then rinsed three times in phosphate buffer and centrifuged at 1,600 ϫ g; the cell pellet was mixed with 1% agarose and processed as described previously (46) . The samples were infiltrated with epon-araldite, 
RESULTS
Partial depletion of DivIVA causes loss of the rod shape. In C. glutamicum, divIVA seems to be an essential gene, as in a previous study no null mutants were obtained (35) . We therefore investigated the function of the divIVA gene product by conditional gene expression using two promoters able to regulate the expression of essential genes in C. glutamicum: Plac (36) and PgntP (28) . Accordingly, C. glutamicum was transformed with the suicide plasmids pOJD (Plac-⌬divIVA Cg ) or pOJPD (PgntP-⌬divIVA Cg ) ( Table 1) . These plasmids are unable to replicate autonomously in C. glutamicum and carry truncated copies of divIVA Cg under the control of regulated promoters. When introduced into C. glutamicum, the plasmids integrate by homologous recombination into the chromosomal divIVA locus, leaving a disrupted copy of the gene under its natural promoter and a full-length version under the control of the promoter Plac or PgntP. Southern blot analysis of DNAs obtained from the transconjugant strains C. glutamicum LACD and GNTD (Table 1) showed the pattern expected for Campbell-type integration of plasmids pOJD and pOJPD, respectively, at the chromosomal divIVA locus (see Fig. S1 in the supplemental material).
Quantitative Western blot analysis of strains LACD and GNTD revealed that the level of DivIVA was reduced to 19 and 25% of wild-type levels, respectively (Fig. 1A) . DivIVA depletion was more evident when the E. coli lacI q gene present on plasmid pALacI (Table 1) (Table 1) or when strain GNTD was grown in the presence of 4% sucrose (4%Suc), which was previously shown to strongly repress PgntP (28) . For strains LACID and GNTD (the latter grown on 4%Suc), DivIVA levels were estimated to be 1.0 and 1.6%, respectively, of those normally present in the wild-type strain (Fig. 1A, lanes 4, 6, 8, and 9) . The only band detected in Western blot analyses using antiDivIVA antibodies was the corresponding 38-kDa full-length protein. Therefore, it can be assumed that the genetic methods used to disrupt the chromosomal copy of divIVA Cg did not result in partial DivIVA proteins that may have interfered with the analysis. A polar effect was not expected because of the monocistronic character of the transcript (35) . These data confirmed that the observed effects described below were due only to the partial depletion of DivIVA.
The C. glutamicum LACD strain, expressing divIVA from Plac, had a coccoid phenotype and thus was morphologically clearly different from the rod-shaped cells of the parent strain C. glutamicum R31. A similar phenotype was obtained when the level of DivIVA was lowered even further in the LACID strain (Fig. 1B) , although the strain's growth rate was lower than that of strain LACD (see Fig. S2A in the supplemental material). The same coccoid phenotype was obtained when strain GNTD was grown in TSB alone or in TSB plus 4%Suc to repress the expression of PgntP (data not shown). The coccoid shape assumed by the cells after DivIVA depletion suggested that cell elongation was perturbed. To test this idea, cells from strains R31 and LACID were stained with Van-FL. As reported previously (11), Van-FL staining confirmed the incorporation of new PG at the cell poles and septum of C. glutamicum R31 (Fig. 1B) . In sharp contrast, in strain LACID, which has only 1% of the normal level of DivIVA and exhibits a coccoid phenotype, PG synthesis was detected mainly as bands in the middle of the cells (Fig. 1B) . When divIVA Cg was introduced in trans through the integrating plasmid pK18-CG (Table 1) into the DivIVA-depleted strain GNTD, normal divIVA expression and cell shape were restored (see below).
Function of heterologous DivIVA proteins in C. glutamicum. We analyzed whether DivIVA proteins from other species could restore polarized growth and a rod shape to C. glutamicum GNTD (Table 1) , in which DivIVA Cg is depleted. These experiments could not be carried out on strain LACID due to the resistance markers present on pALacI and the plasmids used to deliver heterologous divIVA genes. The divIVA genes from two representatives of each of the two main phylogenetic lineages of gram-positive bacteria were tested (Fig. 2) : divIVA Sc and divIVA Mt from Actinobacteria and divIVA Bs and divIVA Sp from the Firmicutes. The exogenous genes were cloned behind the divIVA Cg promoter (Pdiv), and the construct was inserted as a single copy by homologous recombination into the region upstream from divIVA in the C. glutamicum GNTD chromosome ( Fig. 2A) , as previously described for other genes (1) . Similar constructs carrying translational fusions between divIVA genes and egfp2 were also produced and integrated into strain GNTD (Fig. 2B) . Southern blotting and PCR analysis of the transconjugants indicated that integration of the suicide plasmids took place at the expected site (see Fig.  S3 in the supplemental material).
Strain C. glutamicum GNTD had a coccoid morphology that reverted to the typical corynebacterial shape when the gene divIVA Cg , divIVA Sc , or divIVA Mt was inserted into the chromosome, resulting in strains GNTCG, GNTSC, and GNTMT, respectively ( Fig. 2A ; Table 1 ). Similar results were obtained with divIVA Cg , divIVA Sc , and divIVA Mt fused to egfp2 in strains GNTCGE, GNTSCE, and GNTMTE, respectively (Fig. 2B) . As negative controls, C. glutamicum GNTD was transformed with the empty vector pK18-3 or pK18-E (the latter carrying the promoter-less egfp2 gene under Pdiv) (Table 1) , leading to strains GNTD3 and GNTDE, respectively (Table 1) , in which the coccoid phenotype was maintained ( Fig. 2A and B) . Van-FL staining of polar cell wall synthesis, which was not detected in the depletion strains C. glutamicum GNTD (not shown) or GNTD3, became visible again after integration of divIVA Cg , divIVA Sc , or divIVA Mt (Fig. 2A) . Furthermore, distinctive localization of the EGFP2-tagged gene products of either divIVA Sc or divIVA Mt to the cell poles and septation sites was similar to that of DivIVA Cg -EGFP2 (Fig. 2B) .
In contrast, when divIVA Bs and divIVA Sp were introduced in the same way into strain GNTD to generate GNTBS and GNTSP, respectively (Table 1) , polar Van-FL staining was not observed in either case ( Fig. 2A) . Moreover, the presence of these genes appeared to be toxic, such that the growth rates of these strains were reduced compared to growth of the parent strain GNTD (see Fig. S2B in the supplemental material). Although cells from GNTBS and GNTSP were elongated, this did not seem to be a result of polar growth but rather of aberrant septation and failure of the daughter cells to separate. None of the EGFP2-fused DivIVA proteins from B. subtilis or S. pneumoniae showed a polar localization in C. glutamicum. In the case of strain GNTBSE (divIVA Bs -egfp2), the fusion protein was mainly targeted to cell division sites, leading to modestly filamentous cells and the appearance of several septa (Fig. 2B) . Strain GNTSPE (divIVA Sp -egfp2) showed very little fluorescence, but the morphology of this strain and the shape of the cells, together with Van-FL staining of GNTSP ( Fig.  2A) , suggested that divIVA Sp expression inhibits a late stage of cell division or cell separation in C. glutamicum. All EGFP2-fused proteins were detected in cell extracts using anti-GFP antibodies (see Fig. S3B in the supplemental material). The only exception was DivIVA Sp -EGFP2, which appeared to be unstable, and there was no detectable fluorescence in the transconjugant strain GNTSPE.
Homologous overexpression of divIVA Cg was previously shown to cause pronounced effects on cell morphology, with large and asymmetric swollen cells in which DivIVA-EGFP2 accumulated, often asymmetrically, at the cell poles (35) . This provided a second approach to test the activities of heterologous divIVA genes in C. glutamicum, i.e., whether their expression had the same effect on cell morphology as overexpression of the native gene. PCR-amplified heterologous divIVA genes were placed under the control of the divIVA Cg promoter (Pdiv) by exchanging them with divIVA Cg in the multicopy plasmid pEAG3 (Table 1 ) and fused at their 3Ј end to egfp2 (PdivdivIVA Cg -egfp2). These genes were also subcloned with Pdiv but without egfp2 (Pdiv-divIVA Cg ) in the same vector, which has a copy number of 30 to 40 per cell (36) . The resulting sets of plasmids (the set pEBSE, pESCE, pESPE, and pEMTE and the set pEBS, pESC, pESP, and pEMT, with and without fusion to egfp2, respectively) ( Table 1 ) allowed multicopy ex-pression of the different divIVA genes. The results showed that the effects on morphology were similar with or without fusion to egfp2. Overexpression of divIVA Cg led to large and bulky cells, often with shapes reminiscent of "ice cream cones" (Fig.  1B and 3 , strains AG1 and AG3). In these cells, active assembly of PG was detected mainly at one pole and/or in multiple apparent cross-walls inside the cell (Fig. 1B) . In the case of divIVA Mt and divIVA Sc (strains GNTMT and GNTSC, respectively) (Table 1) , the morphologies of the cells were similar to that resulting from divIVA Cg overexpression, and the EGFP2 fusion proteins (strains GNTMTE and GNTSCE) accumulated as a large cluster at one cell pole (Fig. 3A) . Overexpression of divIVA Bs or divIVA Sp also led to aberrant morphologies (strains GNTBS and GNTSP) but, in contrast to the other proteins, DivIVA Bs or DivIVA Sp fused to EGFP2 localized at mid-cell or in multiple septa and never clearly accumulated at the cell poles (Fig. 3A, C. glutamicum BSE and C. glutamicum SPE).
Transmission electron microscopy images indicated that overexpression of the divIVA genes perturbed cell division (Fig. 3B) ; multiple septa were visible, but they were incomplete and were not associated with cell separation. These results were confirmed by Van-FL staining (data not shown). A negative effect on cell growth was also observed (Fig. S2C, GNTBS and GNTSP). Antibodies against GFP were used to measure protein levels in the strains carrying the DivIVA NN -EGFP2 fusion. The levels were similar in all cases, except for the DivIVA Sp -EGFP2 hybrid, which was most likely less stable than the other fusion proteins (see above).
Interactions between heterologous DivIVA proteins. DivIVA Bs has been reported to interact with itself, presumably through coiled-coil regions, to form an oligomeric structure (32, 33, 42 ).
FIG. 2.
Actinomycete DivIVAs restore polar growth and a rod shape to DivIVA Cg -depleted C. glutamicum cells. (A) Schematic representation of the integration of plasmids pK18-CG, -BS, -SC, -SP, and -MT carrying Pdiv-divIVA from C. glutamicum (strain GNTCG), B. subtilis (strain GNTBS), S. coelicolor (strain GNTSC), S. pneumoniae (strain GNTSP), or M. tuberculosis (strain GNTMT) as a single copy into the chromosome of C. glutamicum GNTD. Integration of the empty vector pK18-3 in the chromosome of C. glutamicum GNTD was used as a negative control (strain GNTD3). All strains were grown in 4%Suc, and fluorescence images of Van-FL staining (lower panels) and phase-contrast images of the cells (upper panels) are shown. Reversion of the coccoid morphology to yield rod-shaped cells and polar/septal rather than septal Van-FL staining was observed with Actinobacteria DivIVAs but not with Firmicutes DivIVAs. Size bar, 1 m. (B) Schematic representation of the integration of plasmids pK18-CGE, -BSE, -SCE, -SPE, and -MTE carrying Pdiv-divIVA-egfp2 from C. glutamicum (strain GNTCGE), B. subtilis (strain GNTBSE), S. coelicolor (strain GNTSCE), S. pneumoniae (strain GNTSPE), or M. tuberculosis (strain GNTMTE) as a single copy into the chromosome of C. glutamicum GNTD. Integration of the plasmid pK18-E in the chromosome of C. glutamicum GNTD was used as a negative control (strain GNTDE). All strains were grown in 4%Suc, and fluorescence images of EGFP2 (lower panels) and phase-contrast images of the cells (upper panels) are shown. Reversion of the coccoid morphology to yield rod-shaped cells and polar localization of the fused proteins was observed with Actinobacteria DivIVAs but not with Firmicutes DivIVAs. The morphology of the parent strain R31 is provided for comparison. Size bar, 1 m.
We therefore measured the capacity for self-interaction of DivIVA using a bacterial two-hybrid system. All five tested DivIVAs self-interacted when present on both bait and prey plasmids (pBT, pTRG, and its corresponding plasmids series) ( Table 1) and allowed E. coli reporter cells to grow in minimal selective medium. The results (Fig. 4) are consistent with the idea that DivIVA proteins exist as oligomers in their hosts. DivIVA Cg was found to interact only with actinomycete DivIVAs (S. coelicolor and M. tuberculosis) and not with B. subtilis or S. pneumoniae DivIVAs (Fig. 4) , while DivIVA Bs and DivIVA Sp interacted with each other but not with any of the actinomycete DivIVA proteins (Fig. 4) .
Late localization of DivIVA at the septum. Immunolocalization studies demonstrated the frequent presence of DivIVA at the cell septum. In 20% of the 500 cells obtained from an exponentially growing culture of C. glutamicum, DivIVA was localized to both cell poles and to the septum; in 77%, DivIVA was detected at both poles while in only 3% of the cells the protein was found at one pole (Fig. 5A ). This distribution pattern was in agreement with the localization patterns obtained when DivIVA Cg was fused to the reporter protein EGFP2 (DivIVA Cg -EGFP2) (Fig. 5B) , indicating that the hybrid protein behaved like DivIVA Cg .
DivIVA recruitment to the division site at mid-cell was examined in relation to nucleoid segregation and septal PG synthesis. Visualization of PG assembly using Van-650/665 (red fluorescence) staining showed that approximately 35% of the cells stained at mid-cell lacked detectable DivIVA-EGFP2 signal at that site (Fig. 5B, horizontal arrows) . In contrast, all cells with DivIVA-EGFP2 at the putative division site were stained 
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with Van-650/665 at mid-cell (Fig. 5B, vertical arrows) . Furthermore, in DAPI-stained cells containing DivIVA at mid-cell (as detected by immunofluorescence), there was always a gap between two distinct nucleoids (Fig. 5A, vertical arrows) . These observations suggested that DivIVA arrives at the septum after the beginning of PG synthesis during cell division and at a stage in which the nucleoids have already visibly segregated.
DISCUSSION
Four years ago, two independent reports presented evidence supporting a role for the divIVA gene in the cell elongation of two different actinomycetes (19, 35) . Polar localization of the DivIVA protein in Streptomyces and Corynebacterium and the striking effects on cell shape following overexpression of divIVA suggested that DivIVA functioned in polar cell wall synthesis. These data were confirmed very recently in another actinomycete, M. smegmatis (33) . In that study, the authors also provided convincing evidence for the oligomerization of DivIVA Ms in large structures. Nevertheless, none of these three previous reports answered a fundamental question: is DivIVA essential for cell elongation in actinomycetes? This is to our knowledge the first study showing the essential role of DivIVA in the elongation of C. glutamicum cells. C. glutamicum strains were successfully depleted of DivIVA by following two different strategies that yielded bacterial cells with similar coccoid morphologies and a lack of polar PG synthesis. These results led to the conclusion that normal levels of DivIVA are required for a rod-shaped morphology and for polarized growth by zonal PG synthesis. A similar conversion from rods to spheres is seen in E. coli mutants that have lost their cell-elongation systems, e.g., by depletion of MreB, MreC, or MreD or by mutation of rodA or pbpA (2, 24) . Thus, it appears that Corynebacterium, like many other rod-shaped bacteria, has two different systems for cell-wall growth, one involving cell division and septation that can also sustain the growth of spherical cells and another for cell-wall elongation (40, 44) .
Since we previously showed that divIVA Cg was essential in C. glutamicum and that the gene could not be deleted (35) , it was surprising that the depletion of DivIVA Cg did not prevent growth or strongly limited viability, despite a marked loss of apical cell wall elongation. This finding suggests that the residual level of DivIVA Cg detected in the depletion experiments may have been sufficient to fulfill another, as-yet-unknown, essential function in C. glutamicum, even though participation of DivIVA Cg in cell wall elongation had been abolished. DivIVA arrives at the septum after cell division-related PG synthesis has already started and at a stage in which the nucleoids are already visibly segregated (Fig. 5) . This late arrival of DivIVA at the division site seems to rule out a direct involvement of the protein in cell division and chromosome segregation. In addition, C. glutamicum cells partially depleted of DivIVA do not form chains of cells attached at the poles, as seen for streptococci (17) , making it improbable that the protein is necessary for a final stage of cell division or cell-pole maturation.
The activities and polar localization of DivIVA homologues from the actinobacteria S. coelicolor and M. tuberculosis were similar to what was observed in C. glutamicum. However, the proteins from B. subtilis and S. pneumoniae accumulated at septation sites and interfered with growth and cell division. This revealed a functional distinction between the DivIVA orthologues of Actinobacteria and Firmicutes, in which only those of the former may be involved in zonal cell wall assembly at the cell poles. This conclusion is consistent with the fact that neither B. subtilis nor S. pneumoniae grows in the polarized fashion typical of many Actinobacteria (11, 18) . Interestingly, overexpression of DivIVA Sc in C. glutamicum did not lead to branching, as it does in S. coelicolor (19) . Thus, other components needed for triggering true branching in S. coelicolor are perhaps absent from Corynebacterium.
Since DivIVA Bs was previously found to localize promiscuously at the cell poles of E. coli or Schizosaccharomyces pombe (16) , the finding that it was not located at the cell poles of C. glutamicum was unexpected. One potential explanation for this result is that oligomerization of heterologous DivIVA with DivIVA Cg may be needed for targeting to the poles of C. glutamicum. Alternatively, the low levels of DivIVA Cg in C. glutamicum GNTD could have been sufficient to compete with DivIVA Bs and exclude it from the poles. It may also be the case that heterologous DivIVAs do not fold properly in C. glutamicum.
During synthesis of the bacterial cell wall, some form of internal support is required. In most rod-shaped bacteria, the Z-ring (during cell division) and the MreB helicoidal structures (during cell wall elongation) comprise a cytoskeleton that sustains PG synthesis (41) . DivIVA is essential for polar growth in C. glutamicum, and the cellular localization of DivIVA in all Actinobacteria tested coincides exactly with the sites of PG synthesis during cell growth (Fig. 5B) (19, 33) . Therefore, DivIVA oligomers may serve as the cytoskeletal framework for polar PG synthesis in these bacteria. In C. glutamicum, the late localization of DivIVA to the division septum suggests that this protein recognizes the nascent cell poles rather than an early component of the septal machinery (Fig. 5) ; this is consistent with the idea that DivIVA promotes the switch from septal to polar PG synthesis. Supporting this hypothesis, overexpression of DivIVA stimulates localized cell wall synthesis and increases the diameter of cell poles in C. glutamicum (Fig. 1B) , S. coelicolor (19) , and M. tuberculosis (33) , implying that DivIVA is able to recruit some proteins for PG synthesis at the cell pole. We propose that when DivIVA is limiting in the C. glutamicum cell, it cannot efficiently form oligomers and thus cannot efficiently recruit the PG synthesis machinery. This forces the septal machinery to drive most of the PG synthesis, resulting in septal vancomycin staining and coccoid cells. When DivIVA is deleted completely, the septal machinery is forced to drive all PG synthesis but cannot support sufficient PG synthesis for cell viability. One possibility is that increased levels of FtsZ may help to drive increased septal PG synthesis under these conditions, as has been shown for spherical mutants of E. coli (3).
Although the above speculation suggests an interplay between FtsZ and DivIVA in C. glutamicum, DivIVA does not seems to be required for proper localization of the Z-ring in this species, in contrast to B. subtilis (9, 15) . Since C. glutamicum lacks a MinCD system or any other known positive and negative regulators of bacterial cell division (i.e., ezrA, ftsA, min, noc, slmA, sulA, zipA, or zapA) (27) and does not undergo nucleoid occlusion (36) , how C. glutamicum is nonetheless able to divide almost symmetrically remains unknown. Additional studies will be needed to better understand this and other aspects of cell division and cell growth in rod-shaped C. glutamicum.
